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The avian reovirus S1 gene contains three partially overlapping, out-of-phase open reading frames (ORFs) that are highly
conserved in all avian reovirus strains examined to date. The three S1 ORFs of the avian reovirus strain S1133 were
individually expressed in bacterial cells, and their purified translation products used as antigens to raise specific polyclonal
antibodies. With these antibodies we were able to demonstrate that all three S1 ORFs from different avian reovirus strains
are translatable in infected cells. Proteins p10 and p17, which are specified by ORF1 and ORF2, respectively, are nonstructural
proteins which associate with cell membranes, whereas ORF3 directs the synthesis of protein C, a structural oligomeric
protein responsible for cell attachment. While intracellular synthesis of protein C was demonstrated a long time ago and
that of protein p10 was reported recently, this is the first time that expression of the S1 ORF2 has been demonstrated
experimentally. Thus, the previously reported coding capacity of the avian reovirus genome is now expanded to 14 proteins,
of which ten are structural (A, B, C, A, B, BC, BN, A, B, and C) and four are nonstructural (NS, NS, p17, and
p10). Finally, protein p10, but not p17 or C, induces cell–cell fusion when transiently expressed in mammalian cells,
supporting a previously published observation that the polypeptide encoded by the S1 ORF1 plays an important role in the
syncytial phenotype displayed by avian reoviruses. © 2001 Academic Press
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INTRODUCTION
Avian reoviruses belong to the genus Orthoreovirus,
one of the nine genera of the Reoviridae family (Nibert et
al., 1996; Robertson and Wilcox, 1986). The properties
shared by members of this genus include lack of lipid
envelope, proteins arranged into two icosahedral cap-
sids, a fragmented genome composed of 10 segments of
double-stranded RNA (dsRNA), and replication in the
cytoplasm of infected cells (Nibert et al., 1996). Reoviral
genome segments are transcribed by a virion-associated
RNA polymerase to produce messenger RNAs (mRNAs)
with a nucleotide sequence identical to the positive
strand of the dsRNAs (Banerjee and Shatkin, 1970; Li et
al., 1980). Viral mRNAs and the positive strand of dsRNA
segments lack a poly(A) tail at their 3 end and bear a
type-1 cap at their 5 end (Furuichi et al., 1975). Most of
the reovirus mRNAs are monocistronic, containing short
5- and 3-untranslated sequences and initiating transla-
tion from the AUG codon closest to the 5-terminal cap
(Kozak, 1981). However, several exceptions to the mono-
cistronic rule within the Reoviridae family have been
reported, as follows: (i) mammalian reovirus segment S1
contains two overlapping, out-of-phase open reading
frames (ORFs) that express one structural protein and
one nonstructural protein in infected cells (Belli and
Samuel, 1991; Ernst and Shatkin, 1985; Sarkar et al.,
1985); (ii) rotavirus genome segments 9 and 11 have
been reported to be functionally bicistronic (Chan et al.,
1986; Mattion et al., 1991); (iii) genomic segment S12 of
rice dwarf virus and genomic segment S9 of wound
tumor virus both have small out-of-phase, overlapping
ORFs and express translation products from the large
ORF and from the small ORFs in both plant and insect
cells (Suzuki et al., 1996); (iv) the smallest RNA segment
of bluetongue virus encodes two minor nonstructural
proteins derived from alternative translation initiation
sites (Wu et al., 1992); and (v) genome segment 9 of Fiji
disease fijivirus contains two nonoverlapping ORFs sep-
arated by a 57-nt intergenic region. Immunodetection
analysis revealed that ORF1 encodes a major structural
protein, while ORF2 probably encodes a nonstructural
protein (Soo et al., 1998).
Recently, the S1 genes of several avian reovirus iso-
lates have been sequenced. In all cases, the reported
nucleotide sequence predicts that there are three ORFs
and that protein C is encoded by the distal ORF. Inter-
estingly, the nucleotide sequence data reported for the
viral isolate S1133 (Shapouri et al., 1995) predict an ORF
size and distribution different from that of all other avian
reovirus isolates (Fig. 1A). Specifically, the nucleotide
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sequence data reported for the S1 gene of strains 138,
176, 1733, RAM-1, and Somerville 4 predict the presence
of three partially overlapping, out-of-phase ORFs,
whereas the data reported by Shapouri et al. (1995) for
strain S1133 predict a much shorter ORF2 that does not
overlap with the other two ORFs (Fig. 1A). The first goal
of the present work was thus to clone and sequence the
S1 gene of avian reovirus S1133 again, to assess both
whether the sequence published by Shapouri et al.
(1995) is correct and whether the ORF size and distribu-
tion of this gene are similar to those of the other avian
reovirus strains.
The second goal of this study was to determine the
coding capacity of the avian reovirus S1 gene. To ad-
dress this, the three S1 ORFs were individually cloned in
bacterial expression vectors to produce large amounts of
their encoded proteins to serve as antigens for the gen-
eration of specific antibodies. While our experiments
were underway, Shmulevitz and Duncan (2000) reported
that ORF1 of avian reovirus 176 and of Nelson Bay virus
is expressed in infected cells as a 10-kDa transmem-
brane type I protein, designated p10, which is localized
at the surface of infected cells.
Avian reovirus, together with two mammalian reovi-
ruses, Nelson Bay virus and baboon reovirus, are fuso-
genic viruses that induce syncytia formation in infected
cells (Duncan et al., 1995; Gard and Compans, 1970;
Kamawara et al., 1965). Recent studies have revealed
that the fusogenic activity of avian reovirus is associated
with genome segment S1 (Duncan and Sullivan, 1998;
Shmulevitz and Duncan, 2000), and two of the S1-en-
coded proteins, C and p10, were reported to display
fusogenic activity (Meanger et al., 1999; Shmulevitz and
Duncan, 2000; Theophilos et al., 1995). The third goal of
this study was therefore to investigate the fusogenic
properties of the proteins encoded by the three S1 ORFs.
RESULTS
The S1 gene of avian reovirus S1133 contains three
partially overlapping ORFs
Since the nucleotide sequence reported by Shapouri
et al. (1995) for the S1 gene of avian reovirus S1133
shows discrepancies with the sequences reported for
the same gene of other reovirus strains, we decided to
clone and sequence the S1133 S1 gene again. The s1
mRNA present in extracts of S1133-infected CEF was
converted into dsDNA, which was subsequently inserted
into the pBluescript KS vector to yield the recombinant
plasmid pBsct-S1, all as described under Materials and
Methods. The inserted gene was sequenced, and the
nucleotide sequences of those regions that showed dif-
ferences from the data published previously were ascer-
tained by direct sequencing of denatured genomic S1
dsRNA. Our results revealed that the sequence reported
by Shapouri et al. (1995) contains some errors, mainly
affecting the second ORF. Specifically, the sequence re-
ported by these authors did not include the first six
nucleotides (5 ACUUUU. . .), and G-42, U-174, and C-271
are, according to our data, A-48, A-180, and G-278, re-
spectively. Furthermore, our G-250 and A-331 are miss-
ing in Shapouri et al.’s sequence; the absence of G-250
meant that ORF1 is taken to finish at UAG-264 and that
ORF2 starts at AUG-286, and therefore Shapouri et al.’s
ORF1 and ORF2 did not overlap. Similarly, the absence of
A-331 meant that ORF2 is taken to finish at UAA-381, and
therefore no ORF2–ORF3 overlap was detected (Fig. 1A).
By contrast, our sequencing data indicate that the S1133
S1 gene contains three partially overlapping, out-of-
phase ORFs with size and distribution similar to those of
the other avian reovirus strains (Fig. 1B). Examination of
the context of the three ORF initiator codons indicates
that only the ORF3 initiator codon is optimal for ribosome
FIG. 1. Schematic representation of the ORF distribution of the S1
gene of several avian reovirus strains. (A) GenBank accession numbers
for the nucleotide sequence data of these genes are as follows: L39002
for S1133 (Shapouri et al., 1995); AF218359 for 138; AF218358 for 176;
AF004857 for 1733; L38502 for RAM-1; and L07069 for Somerville 4. (B)
Representation of the ORF distribution of the S1133 S1 gene, as de-
duced from our nucleotide sequence data. The nucleotide sequences
that surround each of the three ORF initiator codons, from positions3
to 4, are shown in the upper part of the figure. Asterisks mark the
position of the three stop codons. The number of amino acid residues
and the deduced molecular weight of the encoded proteins are shown
in the lower part of the figure. The nucleotide sequencing data for this
gene have been submitted to the GenBank (Accession No. AF330703).
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binding, with a G in positions 3 and 4 (Kozak, 1987,
1989, 1991). However, the ORF2 initiator AUG, which is
flanked by an A in position3 and a C in4, should also
be considered a strong initiator, since recent evidence
has demonstrated that the base located at position4 is
not as important as first suggested, but that a purine
(especially an adenine) in position3 is characteristic of
strong ribosome initiation sites (Kozak, 1984, 1991). Fi-
nally, the ORF1 initiator codon has a U in 3 and a C in
4 and therefore has a very weak initiation context. The
expected product encoded by ORF1 is a 98 amino acid
polypeptide with a molecular mass of 10.3 kDa (desig-
nated p10) (Shmulevitz and Duncan, 2000). The expected
product encoded by ORF2 is a 146 amino acid polypep-
tide with a molecular mass of 16.8 kDa (designated p17),
and that encoded by ORF3 is protein C (Shapouri et al.,
1995, 1996; Grande et al., 2000) (Fig. 1B).
Cloning and expression of the first two S1 ORFs in
bacterial cells
To produce large amounts of the translation products
specified by these ORFs, restriction DNA fragments cor-
responding to each ORF were cloned into the histidine-
tagged fusion vector pRSET, and the resulting recombi-
nant vectors, pRSET-ORF1 and pRSET-ORF2, were intro-
duced into BL-21 bacterial cells. Induction of
recombinant bacterial cells with isopropyl--D-thiogalac-
topyranoside (IPTG) revealed that the protein electro-
phoretic profile of IPTG-induced cells transformed with
the recombinant pRSET-ORF1 vector was similar to that
of cells transformed with the empty plasmid (Fig. 2A,
compare lanes 1 and 2), suggesting that His-p10 was not
expressed in the recombinant bacterial cell. In contrast,
His-p17 is expressed in pRSET-ORF2-transformed cells,
since a prominent polypeptide band, migrating slightly
ahead of the 18-kDa molecular weight marker, was de-
tected in those cells (Fig. 2A, lane 3), but not in cells
transformed with the empty vector, pRSET (Fig. 2A, lane
1), or with the recombinant vector pRSET-ORF1 (lane 2).
When induced bacteria expressing His-p17 were dis-
rupted and the resulting extract was centrifuged, the
His-p17 polypeptide could not be detected in the super-
natant fraction (Fig. 2A, lane 4), but it appeared in the
pellet fraction (Fig. 2A, lane 5), suggesting that the ex-
pressed protein was assembled into inclusion bodies.
Proteins were solubilized from pelleted inclusion bodies
by incubation with a buffer containing 6 M guanidine
hydrochloride (Fig. 2A, lane 6), and His-p17 was subse-
quently purified by affinity chromatography using an Ni-
NTA resin (Fig. 2A, lane 7).
The absence of His-p10 synthesis in pRSET-ORF1-
transformed cells prompted us to clone the entire ORF1
of the S1133 genome segment S1 into the maltose-
binding protein (MBP) gene fusion vector, pMalC, and the
resulting recombinant plasmid, pMalC-ORF1, was used
to transform BL-21 Escherichia coli cells. An electro-
phoretic analysis of extracts from recombinant bacteria
showed that MBP was expressed in pMalC-transformed
bacteria induced with IPTG (Fig. 2B, lane 2), but not in
uninduced bacteria (lane 1). This analysis also revealed
that a polypeptide with a slightly lower electrophoretic
mobility than MBP was expressed in pMalC-ORF1-trans-
formed bacteria, after IPTG induction (lane 4), but not
before induction (lane 3), suggesting that this polypep-
tide is MBP-p10. When recombinant bacteria were lysed
and the resulting extracts were centrifuged, larger
amounts of MBP-p10 appeared in the supernatant frac-
tion (lane 5) than in the pellet fraction (lane 6). Protein
MBP-p10 was purified from the supernatant by affinity
chromatography on an amylose-agarose column (lane 7).
FIG. 2. Electrophoretic analysis of polypeptides present in extracts of
recombinant bacteria. (A) Samples: extracts from IPTG-induced bacte-
ria that had been transformed with plasmids pRSET (lane 1), pRSET-
ORF1 (lane 2), or pRSET-ORF2 (lane 3); supernatant (lane 4) and pellet
(lane 5) fractions obtained after low-speed centrifugation of the extract
shown in lane 3; the pellet fraction of lane 5 was solubilized in a buffer
containing 6 M guanidine hydrochloride (lane 6) and His-p17 was
purified from the solubilized sample by affinity chromatography on an
Ni-NTA column (lane 7). (B) Samples: extracts from pMalC- (lanes 1 and
2) and pMalC-ORF1-transformed (lanes 3 and 4) bacteria, either without
induction (lanes 1 and 3) or after IPTG-induction (lanes 2 and 4);
supernatant (lane 5) and pellet (lane 6) fractions resulting from centrif-
ugation of the extract shown in lane 4; protein MBP-p10 was purified
from the supernatant fraction by affinity chromatography on an am-
ylose-agarose column (lane 7). All samples were boiled in Laemmli
sample buffer and loaded onto 15% (A) or 10% (B) SDS–PAGE gels. After
electrophoresis, the gels were fixed and stained with Coomassie bril-
liant blue. Positions of molecular mass markers are indicated on the
left, and positions of the recombinant proteins on the right.
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Preparation and characterization of polyclonal
antibodies
The recombinant gel-purified proteins His-p17 and
MBP-p10 were used as immunogens for polyclonal anti-
body production. His-p17 was subcutaneously injected
into a mouse, and MBP-p10 subcutaneously injected into
a rabbit; 2 weeks after the second boost, antisera were
collected and tested. A Western blot analysis of extracts
of IPTG-induced bacteria showed that these antisera
were able to recognize both MBP-p10 (Fig. 3A) and His-
p17 (Fig. 3B) synthesized in the corresponding pMalC-
ORF1- and pRSET-ORF2-transformed bacteria. A similar
analysis performed with antibodies raised against puri-
fied reovirions (Fig. 3C) showed that while these antibod-
ies were able to recognize protein C in both purified
reovirions (lane S1133) and extracts of C-expressing
bacterial cells (lane pIL-C), they failed to detect MBP-
p10 (lane pMalC-p10) and His-p17 (lane pRSET-ORF2) in
extracts of recombinant bacteria, suggesting that if p10
and p17 are synthesized in avian reovirus-infected cells,
they are probably nonstructural proteins.
Detection of the three polypeptides encoded by the
avian reovirus S1 gene in infected cells
Antisera raised against MBP-p10 and His-p17, as well
as antiserum against a recombinant C protein ex-
pressed in bacterial cells (Grande et al., 2000), were
used to study the expression of the three S1 ORFs in
extracts of avian reovirus-infected cells. For this, CEF
monolayers were mock-infected or infected with 20 PFU/
cell of avian reovirus S1133 and at 16 hpi total cell
extracts were prepared and analyzed by SDS–PAGE and
Western blot (Fig. 4A). The results of this analysis
showed that the antisera raised against the recombinant
viral proteins recognized polypeptides of the size ex-
pected for p10, p17, and C in extracts of avian reovirus-
infected CEF (lanes I), but not in extracts of mock-in-
fected cells (lanes U). A similar analysis performed with
extracts of CEF that had been infected with the avian
reovirus strains S1133, 1733, and 2408 revealed that p10,
p17, and C were all synthesized in cells infected with
the different avian reovirus strains tested (Fig. 4B).
Immunoblot analysis of extracts isolated at different
infection times from cells infected with 50 PFU/cell of
S1133 showed that intracellular synthesis of protein p17
starts before 4 hpi, whereas synthesis of both p10 and
C begins between 4 and 6 hpi (Fig. 4C). On the other
hand, whereas intracellular levels of protein C in-
creased with infection time until 14 hpi and remained
stable 6 h later, levels of both p17 and p10 declined
sharply from 10 to 14 hpi. This loss is probably caused by
the viral infection, since it was not observed in trans-
fected cells (Fig. 6A), and since it is coincidental with
both the onset of virus-induced cell lysis (10–12 hpi when
cells were infected with 50 PFU/cell and 16–18 hpi when
infected with 20 PFU/cell) and the reduction in the intra-
cellular levels of cellular and nonstructural viral proteins,
but not those of the structural viral proteins (data not
shown). Accordingly, this loss also suggests that p10 and
p17 are nonstructural viral proteins.
Characterization of the S1-encoded proteins
The results presented so far suggest that p10 and p17
are nonstructural proteins. To confirm this suggestion, we
next investigated the presence of the three S1-encoded
polypeptides in purified S1133 reovirions. The immunoblot
FIG. 3. Immunodetection of polypeptides expressed in recombinant bacteria. Western blot analysis of purified avian reovirions (S1133) and of
soluble extracts of bacterial cells that had been transformed with the plasmids shown on top of the figures, either without induction (lanes ) or 2 h
after IPTG-induction (lanes ). Membrane filters were probed with polyclonal antibodies raised against gel-purified MBP-p10 (A) or His-p17 (B), and
against purified avian reovirions (C), as shown at the bottom of the figures. Positions of the recombinant proteins are indicated on the right of C, and
positions of molecular mass markers on the left of C.
184 BODELO´N ET AL.
analysis shown in Fig. 5A demonstrated that protein C is
present in both extracts of infected cells and purified avian
reovirions, confirming previously published observations
that C is a structural protein (Schnitzer et al., 1982; Varela
and Benavente, 1994). This analysis also showed that p10
and p17 are not present in reovirions (Fig. 5A); in fact, we
were unable to detect these two proteins when a very large
amount of viral particles (600 g) was subjected to immu-
noblot analysis (not shown). Therefore, p10 and p17 should
be considered nonstructural proteins.
It has been reported that protein p10 of the avian
reovirus 176 is a type I transmembrane protein (Shmu-
levitz and Duncan, 2000) and that protein C from avian
reovirus strain RAM-1 is localized in the plasma mem-
brane of transfected cells (Theophilos et al., 1995). To
assess whether a similar membrane localization is
shared by the newly discovered protein p17, avian reo-
virus-infected cells were lysed at 16 hpi, cell extracts
were then fractionated into soluble and membrane frac-
tions, and the presence of S1-encoded products in these
fractions was determined by SDS–PAGE and Western
blotting. As a control, we also analyzed in parallel the
distribution in these fractions of the p34cdc2 cellular
protein, a cyclin-dependent kinase component of the
M-phase promoting factor, which has been shown to
accumulate in the cytoplasm of human and chicken tis-
sue culture cells throughout interphase (Gallant and
Nigg, 1992; Hagting et al., 1998). The immunoblot analy-
sis showed that control p34cdc2 segregated exclusively
with the soluble fraction, confirming the reliability of the
cell fractionation method. This analysis also showed that
whereas proteins p10 and p17 were present in the mem-
brane fraction, protein C was equally distributed be-
tween the two fractions (Fig. 5B).
FIG. 4. Immunodetection of polypeptides in avian reovirus-infected cells. Western blot analysis of polypeptides present in extracts of: (A)
mock-infected cells (U) and of cells infected with 20 PFU/cell of the avian reovirus S1133; (B) mock-infected cells (CEF) and of cells infected with 20
PFU/cell of the avian reovirus strains shown at the top of the figure. (C) S1133-infected cells (50 PFU/cell) that were prepared at the infection times
indicated at the top of the figure. The antibodies used to probe membrane filters are indicated on top of A and between B and C.
FIG. 5. Western blot analysis of the polypeptides expressed by the
S1133 S1 gene. (A) Extracts from uninfected cells (lane 1) and from cells
infected with 20 PFU/cell of S1133 (lane 2), as well as 100 ng (lane 3)
or 300 ng (lane 4) of purified avian reovirions, were subjected to
Western blot analysis. (B) Soluble (S) and membrane (M) fractions
prepared from extracts of avian reovirus-infected cells at 10 hpi were
subsequently analyzed by Western blot. The antibodies used for prob-
ing membrane filters are indicated between the two figures.
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Fusogenic activities of the proteins encoded by the
S1 gene
Since the fusogenic phenotype of avian reovirus has
been shown to segregate with the S1 gene (Duncan and
Sullivan, 1998; Shmulevitz and Duncan, 2000), we next
sought to determine the fusogenic activity of the three
S1-encoded proteins. For this, each of the avian reovirus
S1133 S1 ORFs was individually cloned into the eukary-
otic expression vector pCIneo, and the resulting recom-
binant vectors were subsequently lipofected into mono-
layers of BSC-40 monkey cells. Immunoblot analysis of
extracts of transfected cells showed that all three S1-
encoded proteins were synthesized in transfected cells
at 16 h after transfection and that their intracellular con-
centration was higher 20 h later (Fig. 6A). Fractionation of
the cell extracts into soluble and membrane fractions,
followed by immunoblot analysis, further confirmed that
p10 and p17 are membrane-associated proteins (Fig. 6B)
and revealed that a large fraction of protein C was
present in the soluble fraction (Fig. 6B). When trans-
fected cells were stained with Giemsa, at 36 h after
transfection, and subsequently visualized under a light
microscope, large syncytia were observed only in those
cells transfected with pCIneo-ORF1, but not in cells
transfected with pCIneo, pCIneo-ORF2, or pCIneo-ORF3
(Fig. 6C, top row). Similar results were obtained when
transfected cells were stained with Hoescht and subse-
quently visualized under fluorescence microscopy (Fig.
6C, bottom row). These results clearly demonstrate that
intracellular expression of p10, but not of C or p17,
induces syncytium formation in BSC-40 cells.
DISCUSSION
The first goal of the present study was to assess
whether the S1 gene of avian reovirus S1133 has an ORF
organization similar to that reported for other avian reo-
virus strains. Our sequencing data revealed that the
nucleotide sequence reported previously by Shapouri et
al. (1995) contained some errors, and that the S1133 S1
gene contains three partially overlapping, out-of-phase
ORFs, which are highly conserved in all avian reovirus
strains analyzed to date.
Immunoblot analysis of extracts of avian reovirus-in-
fected cells revealed that each of the three S1 ORFs
directs the synthesis of translation products in S1133-
infected cells, demonstrating that avian reovirus genome
segment S1 is functionally tricistronic. Immunoblot anal-
ysis of purified avian reovirions also indicates that C is
FIG. 6. Western blot and microscopy analysis of transfected BSC-40 cells. (A) Cells were lipofected with the recombinant vectors pCIneo-ORF3
(-C), pCIneo-ORF2 (-His-p17), or pCIneo-ORF1 (-MBP-p10) and, at the times indicated at the top of the figure, lysed in Laemmli sample buffer.
The resulting extracts were analyzed by Western blot with the antibodies shown on the right. (B) Soluble and membrane fractions isolated from
extracts of transfected cells at 36 hpt were analyzed by immunoblotting with the antibodies shown on the left. (C) Cells that had been lipofected with
the plasmids shown at the top were visualized at 36 hpt by microscopy under visible light (upper row) or under fluorescent light (lower row), after
staining with Giemsa (upper row) or with Hoescht (lower row).
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a viral component, whereas p10 and p17 are nonstruc-
tural proteins. Both the highly conserved S1 ORF orga-
nization and the expression of the three ORFs in cells
infected with different viral strains suggest important
functional roles for the S1-encoded proteins in the viral
life cycle. Furthermore, the fact that these proteins are
specified by out-of-phase reading frames suggests that
p10, p17, and C are structurally and functionally unre-
lated to each other.
The present study provides the first direct experimen-
tal evidence that p17 is expressed in avian reovirus-
infected cells, thereby expanding the list of the avian
reovirus-encoded proteins to 14, of which ten are struc-
tural (A, B, C, A, B, BC, BN, A, B, and C) and
four are nonstructural (NS, NS, p17, and p10).
Proteins p10 and C have been previously detected on
the outer surface of transfected cells by immunofluores-
cence staining (Shmulevitz and Duncan, 2000; Theo-
philos et al., 1995). Since our findings, based on cell
fractionation assays, also revealed that p17 is a mem-
brane-associated protein, we have tried to use immuno-
fluorescence microscopy to investigate the subcellular
distribution of p17 in both pCIneo-ORF2-transfected cells
and avian reovirus-infected cells to assess whether this
protein is associated with the outer plasma membrane or
with internal membranes. Unfortunately, all our attempts
so far have been unsuccessful, probably because the
antibodies used in these experiments were raised
against denatured, gel-purified His-p17. To overcome this
problem, we have recently cloned and expressed
MBP-17 fusion protein in bacterial cells in the hope that
antibodies raised against native MBP-p17 and/or Xa-
excised p17 will be useful for immunofluorescence local-
ization of p17 in infected and/or transfected cells. We
also plan to fuse p17 to green fluorescent protein with
the aim of investigating its subcellular distribution by
confocal microscopy.
Examination of the nucleotide sequence of the S1
ORF2 of S1133 reveals that its primary translation prod-
uct, p17, is a 146 amino acid protein with a deduced
molecular mass of 16,882 Da and an isoelectric pH of
8.51. A BLAST search revealed no significant homology
between p17 and any other known protein, except its
homologues from other avian reovirus strains and from
Nelson Bay virus. In fact, the deduced amino acid se-
quences of the p17 encoded by the three avian reovirus
strains S1133, 1733, and 176 are practically identical
(only one conservative amino acid change), and this also
holds true for protein p10. This observation suggests that
neither p10 or p17 are responsible for the variation in
virulence among the highly pathogenic strains 1733 and
176 and the attenuated live vaccine strain S1133.
In contrast to the scarcity of polycistronic mRNAs
encoded by nuclear genes of higher eukaryotes (Guittaut
et al., 2001 and references therein), there are numerous
examples of viral polycistronic mRNAs. Most of these
viral transcripts are bifunctional, and there have been
only a few reports of viral mRNAs that, similar to the S1
mRNA, specify more than two proteins (for reviews see
Kozak, 1986, 1989; Pain, 1996; Samuel, 1989). However,
the capability of the avian reovirus s1 mRNA to translate
three completely different proteins from partially overlap-
ping reading frames appears to be unique, since the few
known examples of viral polycistronic mRNAs seem to
use other coding strategies. Thus, polycistronic mRNAs
of coronavirus, papillomavirus, cytomegalovirus, and
caulimovirus express different proteins from ORFs that
are organized in tandem-like typical prokaryotic polycis-
tronic mRNAs (Alloul and Sherman, 1999; Edskes et al.,
1997; Guo and Huang, 1993; Le et al., 1994; Remm et al.,
1999). On the other hand, the two small ORFs of the
tricistronic rice dwarf virus S12 mRNA and the Sendai
virus P/C mRNA are in phase and therefore encode two
isoforms of the same protein (Curran and Kolakofsky,
1989; Suzuki et al., 1996).
Utilization of overlapping reading frames to encode
several proteins from a single mRNA may be a means of
maximizing the coding capacity of a limited-size genome,
so it is not surprising that in eukaryotic cells this expres-
sion strategy is almost exclusively restricted to viral
genes (for reviews see Kozak, 1986, 1989; Samuel, 1989).
Moreover, this strategy might also serve to control the
synthesis of viral proteins that are needed in relatively
minor amounts in infected cells, such as reovirus cell-
attachment proteins. Curiously, it appears that avian and
mammalian reoviruses use different translational control
mechanisms to produce approximately similar amounts
of their respective cell-attachment proteins, avian reovi-
rus C and mammalian reovirus 1. Both proteins, which
are encoded by their respective S1 genome segments,
are synthesized with low efficiency in infected cells and
make up only 1% of the total protein content of their
respective reovirions (Ernst and Shatkin, 1985; Martı´nez-
Costas et al., 1997). The mammalian reovirus 1-encod-
ing ORF initiates translation from its 5-proximal AUG,
and the low frequency of translation of protein 1 is
consistent with the suboptimal sequence context of its
initiator codon (CGGAUGG). This might enable a fraction
of the ribosomes to skip this AUG and to translate 1S
from an overlapping downstream cistron (Ernst and Shat-
kin, 1985). In contrast, reduced translation of avian reo-
virus protein C, which is encoded by the most distal
ORF of the s1 mRNA, may be attributed to the presence
of an unusually long leader sequence (630 nt) containing
two ORFs and five AUG codons, of which the fourth and
fifth AUGs are surrounded by a strong context for trans-
lation initiation. Experiments are in progress in our lab-
oratory to test whether two mechanisms previously pro-
posed for translation of internal cistrons with “compli-
cated leaders,” namely cap-dependent shunting
(Ryabova and Hohn, 2000; Futterer et al., 1993; Scharer-
Hernandez and Hohn, 1998) and cap-independent inter-
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nal ribosomal entry (Jackson and Kaminski, 1995; Jang et
al., 1989; Pelletier and Sonenberg, 1988), could account
for initiation of translation of protein C.
Results from different laboratories have suggested
that two of the S1-encoded products, C and p10, display
syncytium formation activity (Meanger et al., 1999; Shmu-
levitz and Duncan, 2000; Theophilos et al., 1995). To
reassess the fusogenic activity of these two proteins and
to investigate the possible fusogenic activity of the newly
discovered protein p17, the three S1 ORFs were individ-
ually expressed in mammalian BSC-40 cells. Despite
efficient expression of all three proteins in transfected
cells, syncytium formation could only be detected in
those cells expressing p10, indicating that this protein,
but not C or p17, induces cell–cell fusion. These results
and those previously reported by Shmulevitz and Duncan
(2000) indicate that there is an association between the
p10 protein and avian reovirus-induced cell fusion.
MATERIALS AND METHODS
Cells and viruses
Primary cultures of chicken embryo fibroblasts (CEFs)
cells were prepared from 9- to 10-day-old chicken em-
bryos as described previously (Spandidos and Graham,
1976). Monkey BSC-40 cells were grown in monolayers
in medium 199 supplemented with 10% fetal bovine se-
rum (Gibco BRL, Rockville, MD). Avian reovirus strains
S1133, 1733, and 2408 were kindly provided by Labora-
torios Intervet (Salamanca, Spain). Viruses were grown
on semiconfluent monolayers of CEFs as previously de-
scribed (Grande and Benavente, 2000; Martinez-Costas
et al., 1995).
Cloning and sequencing of the S1 genomic segment
Isolation of cytoplasmic RNA from infected cells was
performed as described elsewhere (Sambrook et al.,
1989). cDNA corresponding to the S1 genomic segment
was synthesized from cytoplasmic RNA by reverse tran-
scription (RT) followed by PCR. The standard 50 l re-
verse transcription reaction mixture contained 50 mM
Tris–HCl, pH 8.3, 75 mM KCl, 3 mM MgCl2, 10 mM DTT,
120 M dNTPs, 200 ng pd(N)6, and 200 u SuperScript
RNase H (Gibco BRL). The RT reaction was performed
on a thermocycler programmed as follows: 50 min at
37°C, 15 min at 42°C, and 5 min at 95°C. The synthe-
sized DNA was amplified by PCR using the forward
primer 5  CGGGGTACCCAATCCCTTGTTCGTCGAT-
GCT  3 (KpnI site underlined) and the reverse primer
5  CGCGGATCCAATAACCAATCCCAGTACGGCG  3
(BamHI site underlined), in a 50-l reaction mixture con-
taining 10 mM Tris–HCl, pH 9.0, 50 mM KCl, 1% Triton
X-100, 2 mM MgCl2, 0.2 mM dNTPs, 0.5 M of each
primer, 5 u Taq polymerase, and 3 l RT reaction mixture.
The reaction was allowed to proceed for 30 cycles (95°C
for 1 min, 50°C for 2 min, and 72°C for 2 min), followed
by a final incubation at 72°C for 10 min. The amplified
cDNA segment was cloned into the pBluescript KS
(Stratagene, La Jolla, CA) KpnI and BamHI restriction
sites, and the recombinant plasmid pBsct-S1 was used
to transform E. coli strain DH3. DNA sequence analysis
was done by the dideoxynucleotide chain termination
method, using DNA sequenase (U.S. Biochemicals,
Cleveland, OH) in an automated laser fluorescent DNA
sequence analyzer (Amersham Pharmacia Biotech, Pis-
cataway, NJ). Direct RNA sequencing of the avian reovi-
rus S1 genome segment was performed following a
previously published protocol (Bassel-Dubby et al.,
1986).
Cloning of S1 ORFs
To generate plasmids that express His-tagged fusion
proteins, the pBsct-S1 parental plasmid was digested
with either HpaII, yielding a 468-bp fragment lying within
ORF1, or AccII, yielding an ORF2-encompassing 600-bp
fragment. The resulting DNA fragments were gel purified,
repaired with Klenow, and cloned into the PvuII site of the
pRSET plasmid (Invitrogen, Carlsbad, CA). The recombi-
nant plasmids pRSET-ORF1 and pRSET-ORF2, which ex-
press proteins containing a 6 His tag at their amino
terminus, were introduced and grown in competent BL-
21(DE3) bacterial cells (Studier and Moffatt, 1986).
To generate a plasmid expressing an MBP-tagged p10
fusion protein, total RNA from avian reovirus-infected
cells was amplified by RT-PCR with the forward primer 5
 GGAATTCATGCTGCGTATGCCTCCCG 3 (EcoRI site
underlined) and the reverse primer 5  CCCAAGCTT-
TCAAACGTCGTATGGCGGAG  3 (HindIII site under-
lined). The resulting cDNA was digested and cloned into
the pMalC EcoRI and HindIII sites, and the resulting
recombinant plasmid, pMalC-ORF1, was introduced into
E. coli strain BL21(DE3). The correct orientation of the
inserts was confirmed by nucleotide sequencing of the
recombinant plasmids.
Generation of the pIL-C recombinant plasmid and
bacterial transformation have been described previously
(Grande et al., 2000).
Expression and purification of His-p17 and MBP-p10
To express His-p17, overnight cultures of pRSET-ORF2-
transformed bacteria grown in LB medium supplemented
with 100 g/ml of ampicillin were diluted 100-fold when
cell cultures had reached an A600nm OD of 0.6. Cells were
then induced by the addition of 1.5 mM IPTG; 2 h later
bacteria were centrifuged, resuspended in sonication
buffer (50 mM sodium phosphate pH 7.8 and 300 mM
NaCl), and sonicated at 4°C (three bursts at 18 m on
ice). His-p17 was solubilized from pelleted inclusion bod-
ies by incubation for 1 h at room temperature in a buffer
containing 100 mM sodium phosphate, 10 mM Tris–HCl,
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pH 8.0, and 6 M guanidine hydrochloride. The mixture
was then centrifuged, and the fusion protein was purified
from the supernatant on an Ni-NTA agarose column
according to the manufacturer’s instructions (Qiagen,
Valencia, CA).
For expression of MBP-p10, IPTG-induced pMalC-
ORF1-transformed bacteria were pelleted and resus-
pended in sonication buffer (0.25% Tween 20, 1 mM DTT,
200 mM NaCl, 20 mM Tris–HCl, pH 7.5, and 1 mg/ml
lysozyme). After sonication (three bursts at 18 m on ice),
the extract was clarified by centrifugation, and the result-
ing supernatant was loaded onto an amylose-agarose
column preequilibrated in column buffer (20 mM Tris–
HCl, pH 7.4, 200 mM NaCl, 1 mM EDTA, 1 mM DTT) (New
England Biolabs, Beverly, MA). MBP-p10 was eluted in
column buffer supplemented with 10 mM maltose.
Preparation of polyclonal antibodies
Affinity-purified MBP-p10 protein was eluted from an
SDS–PAGE gel, and this material was used as antigen to
raise polyclonal antiserum in rabbits. First, 500 g of the
antigen in Freund’s complete adjuvant was subcutane-
ously injected. At 4-week intervals, the rabbit was
boosted twice with the same amount of protein but sus-
pended in Freund’s incomplete adjuvant. Antiserum was
collected 2 weeks after the second boost. A similar
protocol was followed to raise specific antiserum to
His-p17. In this case a 6-week-old BALB/c mouse was
used for immunization and 50 g of the recombinant
protein was used for each subcutaneous injection.
Lysis of infected cells and Western blotting
CEF monolayers, either mock-infected or infected with
the indicated multiplicities of avian reoviruses, were
lysed in 3 Laemmli sample buffer (70 l/106 cells)
(Laemmli, 1970) at the infection times shown in the figure
legends. The resulting cell extracts were boiled for 5 min
and subjected to SDS–PAGE analysis. Tricine–SDS–
PAGE gels were used to resolve proteins in the low
molecular weight range (Schagger and von Jagow, 1987).
Proteins in the gels were subsequently transferred to
polyvinylidene fluoride (PVDF)/immobilon-P membranes
(Millipore, Bedford, MA) in a semidry blotting apparatus
for 60 min at 100 V (Bio-Rad, Hercules, CA). Membrane
filters were blocked by incubation with 4% nonfat dry milk
in washing solution (0.05% Tween in PBS), at room tem-
perature for 1 h. Blocked membranes were washed five
times with washing solution and then incubated with the
primary antibody for 1 h at room temperature. The anti-
body was removed and the membranes were washed
five times with washing solution and then incubated for
1 h at room temperature with alkaline phosphatase con-
jugated secondary antibody (Sigma Chemical Co., St.
Louis, MO). The membranes were then washed five
times with washing solution and incubated with the
BCIP/NBT liquid substrate system (Sigma). The antibody
against p34cdc2 was purchased from Transduction Lab-
oratories (Lexington, KY).
Transient expression of viral proteins in eukaryotic
cells
The first two S1 ORFs were PCR-amplified from the
recombinant plasmid pBsct-S1, using the ORF1 forward
primer 5  CGGAATTCAGTTCGGCGATGGTGCGTAT 
3 (EcoRI site underlined) and the ORF1 reverse primer 5
 GCTCTAGATCAGTAAATGATGGGATAGC  3 (XbaI
site underlined). Two mutations were introduced into the
forward primer to transform a weak-context initiator
codon (TCGATGC) into a strong ribosome-binding site
(GCGATGG). The amplified DNA was digested and sub-
sequently cloned into the EcoRI and XbaI sites of the
pCIneo vector. ORF2 was amplified from the same tem-
plate using the forward primer 5  CGGAATTCGTA-
AGCGCAATGGAATGGCTC  3 (EcoRI site underlined)
and the reverse primer 5  CCCGTCGACTCATAGATCG-
GCGTCAAATCG  3 (SalI site underlined). Again note
that Gs were introduced at positions 3 and 4 of the
initiator codon. The amplified DNA was subsequently
cloned into the pCIneo EcoRI and SalI sites. Cloning of
ORF3 into the pCIneo vector has been described previ-
ously (Grande et al., 2000). Transfection of preconfluent
monolayers of BSC-40 cells was done using Lipo-
fectAMINE PLUS reagent (Life Technologies, Rockville,
MD) following the manufacturer’s instructions. Trans-
fected cells were incubated at 37°C and 16 or 36 h later
cells were either harvested in Laemmli sample buffer, for
Western blot analysis, or washed three times with cold
phosphate-buffered saline (PBS) and fixed with methanol
before being stained with Giemsa (Sigma) or with
Hoescht 33258 (Molecular Probes, Eugene, OR).
Cell fractionation
Infected CEFs (10  106 cells; 50 PFU/cell) were har-
vested and fractionated basically as described by Zhang
and Lamb (1996). Briefly, plates were rinsed with PBS,
and the cell monolayer was scraped into ice-cold su-
crose homogenization buffer (10% sucrose, containing 10
mM Tris–HCl, pH 7.4, 1 mM EDTA, 50 g/ml aprotinin,
and 1 mM PMSF). Cells were subsequently disrupted on
ice with 60 strokes of a Dounce homogenizer, and un-
broken cells and nuclei were removed by low-speed
centrifugation. The postnuclear supernatant (0.5 ml) was
amended to 80% (wt/vol) sucrose, laid at the bottom of a
Beckman SW40 centrifuge tube, and overlaid with 5 ml of
65% (wt/vol) and 2.5 ml of 10% (wt/vol) sucrose and then
centrifuged at 35,000 rpm for 18 h at 4°C. Total cellular
membranes were recovered as a visible band from the
10–65% sucrose interface. Soluble proteins remaining in
the 80% sucrose gradient zone were precipitated with 2
vol 10% trichloroacetic acid.
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To fractionate transfected cells, BSC-40 cells growing
in six-well plates were washed with ice-cold PBS at 48 h
posttransfection, scraped off, and then pelleted by low-
speed centrifugation. The cell pellet was resuspended in
200 l hypotonic lysis buffer (10 mM Tris–HCl, pH 7.5, 10
mM KCl, 5 mM MgCl2) and incubated on ice for 30 min.
The cells were disrupted by repeated passages (25
times) through a 26-gauge needle, and nuclei and cell
debris were then removed by low-speed centrifugation.
Soluble and membrane fractions were separated by cen-
trifugation of the postnuclear supernatant in a Beckman
SW 50.1 rotor at 100,000 g for 1 h at 4°C.
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